2 or depth form from initially incommensurate film thicknesses, 5, 6 the definition of which depends on surface boundary conditions. When both surfaces display affinity for the same block ("symmetric wetting"), BCP films preferentially adopt commensurate t = nL0 film thicknesses and avoid incommensurate thicknesses (n+0.5)L0; islands form when n < t0/L0 < (n+0.5) and holes form when (n+0.5) < t0/L0 < (n+1). (Note the distinction between t0, the as-cast film thickness, and t, the film thickness adopted after annealing; n is an integer and L0 is the bulk equilibrium domain spacing.) In contrast, the use of two surfaces that favor interaction with different blocks ("asymmetric wetting") produces commensurability at t = (n+0.5)L0 and incommensurability at t = nL0; holes form when n < t0/L0 < (n+0.5) and islands form when (n+0.5) < t0/L0 < (n+1). Recently, sufficiently thin films (roughly t0  3 L0) confined by a single ostensibly neutral surface and a highly preferential surface (in either possible permutation) have been demonstrated to generate surface topography characterized by 0.5 L0 height or depth and commensurability conditions including both t = nL0 and t = (n+0.5)L0. 7 These relaxed commensurability constraints create an additional switch between topography at t0 = (n  0.25)L0; "half-height" islands form when n < t0/L0 < (n+0.25) and (n+0.5) < t0/L0 < (n+0.75), while "half-depth" holes form when (n+0.25) < t0/L0 < (n+0.5) and (n+0.75) < t0/L0 < (n+1). The formation of these 0.5 L0 structures, coupled with the addition of distinct commensurability conditions not seen with 1 L0 structures, provides a particularly easy methodology for screening neutral surface compositions. 8 Here, we address both the structure and stability of 0.5 L0 topography in thin films (t0 < 3 L0) through a combination of theory and experiment. This report is organized into three sections: (i) the through-film configuration of 0.5 L0 topography as evidenced by self-3 consistent field theory (SCFT) calculations and cross-section scanning electron microscopy (SEM), (ii) the thermodynamic (meta)stability of 0.5 L0 topography in the presence of one preferential surface paired with either a perfectly neutral surface or a near-neutral (slightly preferential) surface, and (iii) the restructuring mechanism that transitions the film from metastable 0.5 L0 to stable 1 L0 topography in the latter case of (ii). These topics are extensively interrogated with experiments exhaustively spanning variable space including wetting conditions and film thickness. Details concerning the poly(styrene-block-4-trimethylsilylstyrene) block copolymer (PS-PTMSS, L0 = 22 nm), surfaces, and simulations subsequently elaborated are provided in the Materials and Methods section along with the Supporting Information. The fundamental insights delivered herein significantly deepen our understanding of block copolymer thin film self-assembly.
Results

Structure
SCFT was used to simulate the structure of symmetric AB diblock copolymer thin films confined by one preferential surface and one neutral surface; both permutations were studied (preferential top/neutral bottom and neutral top/preferential bottom) to emulate analogous experiments utilizing either a free surface or polymeric top coat. 7, 8 Figure 1A ,B reports results obtained for a variety of as-cast thicknesses ranging from t0 = 0.5-2.5 L0 where m  t/L0 is defined with the thinner t value adopted after annealing. Half topography is clearly formed for each film thickness, with both blocks contacting the neutral surface and a single block wetting the preferential surface. Similar data are also produced with other values of m and fA ( Figures S1-S2 ). The neutral surface visibly pins the edge dislocation in either case, verifying previous speculative illustrations. 7, 8 Figure 1C shows select corresponding cross-section SEMs that are fully consistent with this prediction; the edge dislocation is never found within the interior of the film and is only located against the neutral surface, either top or bottom. (Experimental difficulties acquiring complementary data on thinner films prevent us from reporting samples with m < 2.5, but all indications suggest comparable disposition.) The edge dislocation observed with 0.5 L0 topography fundamentally differentiates the through-film structure compared to 1 L0 islands and holes formed by two preferential interfaces. In the latter case, the defect is embedded within the interior of the film ( Figures S3-S4 ), [9] [10] [11] [12] 
Stability
The SCFT predicts that the equilibrium coexistence between terraces separated by 0.5 L0 is only possible for a perfectly neutral surface. 15 Given that the surface preference can never be precisely zero in an actual experiment, this begs the question of how the 0.5 L0 topography would ever occur. The explanation has to do with kinetics. Since the equilibrium terrace heights are separated by first-order transitions and the topography is stable with respect to small fluctuations, the phase separation into coexisting terraces will occur by the classical nucleation and growth mechanism. As such, the formation (i.e., nucleation) of islands or holes involves overcoming an energy barrier. A simple calculation (see Supporting Information Figure S6 and associated text) predicts that the relative barrier heights, EB,0.5 and EB,1, for nucleating 0.5 L0 and 1 L0 structures, respectively, on a neutral surface is given by where 0.5 and 1 are the line tensions of 0.5 L0 and 1 L0 step edges, respectively. The factor of 2 comes from the fact that, for a given volume of material, the shorter 0.5 L0 islands (or shallower 0.5 L0 holes) will occupy twice the area of their 1 L0 counterparts. Thus, their step edges will be longer, which impedes their nucleation. However, our SCFT predictions for the line tensions in Figure 2 shows that 0.5  0.3 1, which is more than enough to compensate for the factor 2 making the nucleation of 0.5 L0 islands (or holes) far faster than their 1 L0 counterparts. This conclusion holds for different film thickness, m, different diblock compositions, fA, and regardless of whether or not it is the substrate or free surface that is neutral. Of course, the equilibrium film thicknesses are actually separated by L0, and so the initial 0.5 L0 topography should eventually switch to 1 L0 topography. This thermodynamic metastability on near neutral surfaces and the factors governing reorganization were subsequently analyzed in detail; the origin of the labels superposed on 
Surface Restructuring
The origins of metastability and the type of topography formed during secondary nucleation were studied with two boundary conditions: (1) slightly asymmetric wetting imposed by a moderately PS-preferential substrate paired with air or vacuum at the free surface (which are both highly PTMSS preferential), and (2) slightly symmetric wetting arising from a preferential substrate (cross-linked PS homopolymer) with a moderately PSpreferential top coat.
Asymmetric wetting PS-PTMSS with t0 = 1.35 L0 generates half holes in 10 min, comprising a matrix at t = 1.5 L0 and troughs at t = 1 L0 ( Figure 4A ). Continued thermal annealing (300 min total) further nucleates 1 L0 deep holes with a matrix still at t = 1.5 L0 and troughs now occupying t = 0.5 L0. Figure 4B shows analogous experiments conducted with t0 = 1.65 L0; half islands form, again with a matrix residing at t = 1.5 L0 and apexes now at t = 2 L0. The sample annealed for 10 min already contains a low areal density of 1 L0 structures spanning t = 1.5-2.5 L0, which significantly grow in both areal density and footprint after extended annealing to 300 min. Both t0 = 1.85 L0 and 2.15 L0 as-cast thicknesses also quickly form 0.5 L0 topography that slowly reconfigures into 1 L0 topography ( Figure 5 ). Over time, the t0 = 1.85 L0 sample originally containing only half holes further nucleates half islands from the matrix region 11 that span t = 2-2.5 L0 thicknesses. The t0 = 2.15 L0 sample, initially displaying half islands, also nucleates the opposite type of half topography (0.5 L0 holes) from the matrix region after 300 min annealing. For both samples, the mixture of nominally two different 0.5 L0 structures actually represents a transient state captured during surface reconstruction that will eventually yield 1 L0 topography spanning t = 1.5-2.5 L0 absolute film thicknesses.
Further evidence supporting this conclusion is provided below. L0 islands nucleate from the t = 1.5 L0 matrix. Evidence that these structures in fact represent 1 L0 topography spanning t = 1-2 L0 can be found by inspecting the t0 = 1.67 L0 sample ( Figure 6B ). At short annealing times (10 min), half islands form with a matrix at t = 1.5 L0 and apexes at t = 2 L0, consistent with non-preferential wetting at the top interface.
Further annealing (300 min) of the same sample nucleates half hole-like features from the matrix, with troughs residing at t = 1 L0 thickness, and continued annealing to 600 minutes completely eliminates the matrix originally residing at t = 1.5 L0; the film now contains only 1 L0-thick topography spanning t = 1-2 L0 absolute film thicknesses. The final structures formed are thus consistent with full holes as expected for 1.5 < t0/L0 < 2 with symmetric boundary conditions characterized by commensurability at t = nL0. Not all films fully transitioned from kinetically-formed half structures to thermodynamically-stable 1 L0 topography after 600 min annealing, but all films at least partially reconstructed after modest (300 min) thermal treatment. We conclude that most data reported herein at 300 min represent a fleeting snapshot captured during surface reconstruction; presumably given enough time, these samples would fully transition to 1 L0 topography as observed with t0 = 1.67 L0. 
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Discussion
Previous studies on 0.5 L0 topography specifically targeted the use of a single "perfectly neutral" surface (characterized by exactly balanced interfacial interactions with each block,   AS -BS = 0) to generate half structures. 7, 8 While theory now confirms that half islands and holes are indeed thermodynamically stable in the presence of a single perfectly neutral interface, achieving true surface neutrality with real materials is technically impossible. Experimentally, interactions at both the bottom [16] [17] [18] and top 8, 19 surfaces are conveniently tuned with polymer composition. 16 The experiments described in
Figures 3-7 demonstrate that 0.5 L0 topography still kinetically forms on surface compositions that are near neutral, but thermodynamic metastability triggers surface reconstruction upon extended annealing. Quantifying surface neutrality (i.e., measuring |s -neutral|, where s is the surface tension of the given surface and neutral is the surface tension of a perfectly neutral surface) with the precision necessary to differentiate small changes in surface composition is currently impossible, but Figure 3 provides qualitative insight into the breadth of the perfectly-and near-neutral composition windows. Care should be taken not to over-interpret the absolute magnitude of the differences; assuming surface energy scales linearly with polymer composition, the rate of change (d/dc, where c is surface treatment composition) depends on the surface energy of the constituent monomeric components (c=0 and c=1). BCP attributes such as relative volume fraction and the blockblock interfacial tension (AB   -0.5 ) may also contribute, although such conjectures remain speculative and currently unsubstantiated. The optical micrographs in Figure 3 At least some near neutral surface compositions displaying thermodynamic metastability are for all practical purposes "neutral" in the sense that they successfully orient block copolymer lamellae perpendicular to the substrate when coupled with a second neutral surface. 20 Such orientation can only be achieved in the presence of two sufficiently neutral surfaces. 21, 22 Potentially subtle distinctions between perfectly neutral, near neutral, and preferential surfaces, straddling compositions capable and incapable of 16 orienting BCPs, is critical for interfacial design. The surface restructuring mechanism studied in detail herein portends a trivial experimental approach that for the first time delineates perfectly neutral and near neutral surfaces. This demarcation might gain additional importance in the continued race towards high- BCPs for lithographic applications. 23 The surface reconstruction mechanism can be rationalized with commensurability effects established by surface boundary conditions operating on kinetically-formed 0.5 L0 topography. A single near neutral surface unambiguously generates 0.5 L0 topography at short annealing times (0), as evidenced by Figures 3-7 and previous literature reports. 7, 8 Subsequent restructuring depends on both the commensurability of the resulting matrix with presumably typical elastic moduli circa 1 GPa. (Note that we have not measured the mechanical properties of maleic anhydride copolymers.) We speculate that the important difference may be related to the presence of trimethylammonium ions. For solubility reasons, our top coats are cast as trimethylammonium salts which upon annealing ringclose to form maleic anhydride with concomitant liberation of water and trimethylamine gas, 8 likely forming internal voids within the top coat. Our working hypothesis is that these voids increase free volume, transforming the top coat from a glassy to melt state. Although we are not absolutely certain of this, there is no doubt these polymers can be considered "soft" for all practical purposes on the timescale of our experiments. Maleic anhydride top coats unambiguously contort to reveal block copolymer surface topography, which is readily interpreted to extract surface wetting information. 8 In contrast, hard materials like polystyrene 26 and SiOx 27 are incapable of deformation and consequently perturb the bulk block copolymer periodicity in lieu of island and hole formation. We conclude that the regime probed herein, using the nomenclature of Koneripalli, must be considered "pseudoconfinement," in analogy to annealing with a free surface (e.g., air or vacuum).
Although surprising, to date we have identified no significant differences between the surface topography produced from a block copolymer annealed under a maleic anhydride top coat or a free surface. Since the present manuscript focuses on wetting effects and associated surface reconfiguration on near neutral surfaces, a detailed physical model encapsulating all of the aforementioned factors governing top coat pseudoconfinement is well beyond the intended scope of this report.
Conclusion
The through-film structure, thermodynamic (meta)stability, and reconfiguration mechanism of 0.5 L0 block copolymer topography formed in the presence of one neutral and one preferential interface were studied through a combination of experiment and self- islands or holes, determined by surface boundary conditions. Secondary nucleation timescales appear correlated with surface composition, whereby nearly neutral materials maintain metastable half features longer than surfaces skewed more preferential. The mechanism of surface reconstruction depends sensitively on film thickness and commensurability.
Materials and Methods
Experiment
The BCP discussed herein, poly(styrene-block-4-trimethylsilylstyrene) (PS-PTMSS)
with L0 = 22 nm, typifies a convenient model system due to inherently PTMSS preferential interactions at the free surface 28 which are readily modifiable with top coats. 8 We note in passing that silicon-containing BCPs including PS-PTMSS are also potentially useful for lithographic applications. [29] [30] [31] [32] The influence of substrate composition on topographic metastability was studied with blends generated by mixing two poly(4-tert-butylstyrene- 
Theory
To model the terraces and the step edges between them, we use self-consistent field theory (SCFT), which is regarded as the state-of-the-art for block copolymer melts. 33, 34 21 SCFT has recently been used to provide what is undoubtedly the most accurate theoretical treatment of 1 L0 step edges in block copolymer films. 12 Here, we use the same approach for the 0.5 L0 step edges.
The To calculate the equilibrium terraces, we solve the field equations for uniform solutions with different numbers of layers, where the fields and concentrations depend only on the z coordinate normal to the substrate. The free energy curves of the different film thicknesses exhibit a sequence of local minimums, and the first-order transitions between them are located by performing double-tangent constructions. 15 The step edge separating two coexisting terrace heights is obtained by simply allowing the fields to also vary in the one of the lateral directions. In the case of 1 L0 step edges, there is a metastable solution for each possible location of the dislocation within the film; the preferred stable location is the one that minimizes the free energy. For 0.5 L0 step edges, however, the only physical solution is the one with a dislocation at the neutral surface. To obtain the line tension of the step edge, , we calculate the free energy of the SCFT solution containing the step edge and subtract off the free energy of the coexisting uniform terraces with relative surface areas given by the lever rule of the double-tangent construction (see ref 12) .
To model a neutral substrate and a preferential free surface, we set AhN = 30 and BhN = 50, which gives a surface affinity for the A component (representing PTMSS and denoted by red). For a preferential substrate and a neutral free surface, we set AhN = BhN = 30 and restrict our attention to morphologies where the B component (representing PS and denoted by blue) covers the entire substrate. In all cases, we fix ABN = 20, which corresponds to a block copolymer melt of intermediate segregation. The one shortcoming of the SCFT is that we cannot solve the field equations for realistic values of Ah and Bh, and consequentially the step edges will be somewhat sharper than in experiment. 12 Although this will underestimate the line tensions, 0.5 and 1, of the 0.5 L0 and 1 L0 step edges, respectively, SCFT should still provide a reasonable prediction of their ratio, 0.5/1.
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